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Abstract 
The main objective of this study is to investigate on the ability of a perovskite-based 
membrane reactor to produce hydrogen via simultaneous reforming and water 
splitting processes. Being able to perform such processes will confirm on the ability 
of the membrane system in performing an autothermal production of hydrogen. 
Initial experiments were conducted to evaluate the ability of two different types of 
hollow fibre membrane namely Lao.6Sro.4Co0.2Feo.8O3- (LSCF6428) and 
BaosSro.sCoo.8Feo.203- (BSCF5582) in permeating oxygen in three different inlet 
configurations. All of the experiments were conducted at 9000C. The LSCF6428 
membrane gives lower oxygen permeation rate comparing to BSCF5582 when inert 
gas argon was used as the sweep gas on the shell side of the membrane. The oxygen 
permeation rate.--into the shell side of LSCF6428 membrane reactor was at 
0.24pmolO.s 1 whereas for BSCF5582 was at 1.50iimol O.s 1. The trend is similar 
when the shell sides were fed with 5% methane and the lumen sides were fed with 
10% oxygen. In these experiments, both membranes were stable enough to perform 
oxygen permeation up to more than 100 hours of operation. BSCF5582 membrane 
however shows instability in performing oxygen permeation when the lumen side 
was fed with 4% water and shell side was fed with 5% methane. BSCF5S82 
membrane was only able to perform oxygen permeation for less than two hours 
before showing substantial amount of leaks upon breaking. In contrast, the 
11
LSCF6428 membrane shows good stability in the same condition with the shell side 
oxygen permeation rate of 0.04±0.01timolO.s 1. The experiment operating time 
lasted for more than 90 hours. Based on its stability in performing oxygen 
permeation in the combination of highly reducing and highly oxidising environment, 
the LSCF6428 membranes were chosen to perform the simultaneous methane 
reforming and water splitting process in a multiple-membrane based reactor. The 
results obtained from this experiment proved that simultaneous methane reforming 
and water splitting can be achieved using a membrane reactor.
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Chapter 1	 Introduction 
1.1 Background of the Research 
Hydrogen is the lightest substance in the periodic table. It is mainly being used in 
the production of ammonia, and as the reducing gas in stainless steel production, as 
a feedstock to the petrochemical industries and as the hydrogenation agent in the 
food processing industries [1]. It has the highest energy density with nearly three 
times the energy yield than other hydrocarbon fuels [2]. The fact that hydrogen 
when burned in air only produces water coupled with high amount of energy makes 
it easyto claim hydrogen is the cleanest, renewable alternative fuel available to date 
Globally the largest hydrogen production source is from natural gas followed by 
fossil fuels and coal [6]. Conventional hydrogen production processes that are 
widely used in the industries are the steam methane reforming, water gas shift and 
partial oxidation of methane processes[7]. As these processes are relying too much 
on the use of fossil fuels, efforts need to be made to find other alternatives for 
Producing hydrogen in a cleaner environment and at a cheaper cost. 
Perovskitesype mixed ionic and electronic conductor (MIEC) membranes were 
claimed to have great potential to be used in hydrogen production membrane 
1
reactors because of their stability and good oxygen permeation attributes[8]. This 
hydrogen production system relies on the MIEC membranes' ability to separate 
oxygen from air and/or from other mixtures of gases only through partial pressure 
differences in the inlet streams. 
Recently most of the studies on hydrogen production using MIEC membranes are 
focussed on the partial oxidation process [9, 10]. This kind of reaction is highly 
exothermic and energy intensive. It is only recently that a MIEC membrane was seen 
to have the potential to be used in a direct water splitting process[11]. Studies on 
combining both water splitting and methane oxidation in a MIEC membrane reactor 
however, are limited and not well described. 
1.2 Scope of the Research 
The scope of the research will remain focussed on the ability of oxygen permeation 
using hollow fibre perovskites membranes to perform water splitting, partial 
oxidation of methane and full combustion of methane. The main aim of this thesis 
is to combine the methane oxidation and water splitting processes in the same 
reactor.
2
13 Objectives of the Research 
The objectives of this study are: 
I. To solve membrane stability issues by redesigning the membrane reactor; 
having individual inlets and outlets for better gas analysis and monitoring 
purposes. 
2. To investigate the performance of LSCF6428, BSCF5582 in performing 
oxygen permeation with and without reducing gas. 
3. To investigate the ability of LSCF6428, BSCF5582 to perform the water 
splitting process with reducing gas on the other side of the membrane. 
4. To combine the best membrane that can withstand (2) and (3) in a multiple 
membrane reactor for a simultaneous methane reforming and water splitting 
processes. 
1.4 Thesis Outline 
This thesis is divided into six chapters. The first chapter discusses on the problem 
statement, the background of the research and scope of the research. Chapter 2 
reviews on the use of alternative methods in hydrogen production starting from the 
early days of hydrogen being produced until the advancement in these methods. 
State of the art research for the design of the membrane reactor involving an oxygen 
transport membrane will also be discussed in detail. Further description on the 
theory and the advancement this study will contribute to the body of knowledge in 
the membrane reactor field will also be looked at in detail.
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Chapter 3 deals with the preliminary results run for individual membrane for (i) 
oxygen permeation without reducing gas on the shell side (ii) oxygen permeation 
with methane reforming reactions on the shell side and (iii) oxygen permeation 
performance having methane reforming reactions on the shell side and water 
splitting processes on the lumen side. These three types of experiments were run 
on two different membrane materials namely Lao.6Sro.4C00.2Feo.803- (LSCF6428) and 
Bao.5Sro.sCoo.BFeo.203-6 (BSCF5582). Thorough explanations are made on the 
experimental techniques, membrane characterisation, reactor setup, leak tests and 
gas analysis in this chapter. The calculation techniques and error propagation 
applied in the calculations will also be discussed. 
Chapter 4 will discuss the preliminary experiment of an autothermal process. In this 
chapter only one type of selected hollow fibre was used; the LSCF6428 membrane. 
The membrane was used to perform (i) oxygen permeation from oxygen feed stream 
and (ii) water splitting processes in the both the different lumens. The shell was fed 
with methane to assist the oxygen permeation and simultaneously perform methane 
reforming processes. Further analysis from the results obtained from this chapter 
revealed that the amount of oxygen permeated into the shell increased the oxygen 
partial pressure in the shell side and halted the water splitting in the lumen of the 
second LSCF6428 membrane. Determining the cause led to several modifications 
aiming to increase the oxygen utilisation in the shell side. Only one of them showed 
good results. 
In Chapter 5 the processes conducted in and discussed previously in Chapter 4 were 
separated into three reactors namely Reactor 1 (Ri), Reactor 2 (R2) and Reactor 3 
(R3). Three reactors were used to separate the processes; Ri is specifically aimed 
for full combustion and partial oxidation of methane reactions in the shell side and 
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oxygen permeation in the lumen side. R2 is used to further improve the selectivity 
of CO over CO2 in the product stream of the shell side from Ri and R3 is for methane 
reforming in the shell side and water splitting processes in the lumen side of the 
membrane. Results are discussed in terms of the total oxygen permeation rates 
throughout the whole system, selectivity of CO in R2 and hydrogen production rates 
from the water splitting process in R3. 
The summary and conclusions achieved in the experiments conducted in this study 
are presented in Chapter 6.
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